cardiac surgical patient. Despite ongoing surgical losses, oxygen-carrying capacity must be maintained. For small infants requiring cardiopulmonary bypass (CPB), the pump priming volume is quite large relative to the patient's blood volume; the resultant hemodilution often requires RBC transfusion. 1, 2 Although transfusions may be lifesaving, there is increasing concern regarding the deleterious effects of blood product administration. Some studies in the pediatric population have associated perioperative RBC transfusions with increased postoperative morbidity. [3] [4] [5] [6] [7] [8] [9] [10] In a retrospective study of RBC transfusion to heart transplant recipients ≤18 years old, multiple regression analysis revealed that increased RBC transfusion volume was independently associated with increased length of intensive care unit (ICU) stay and higher initial inotrope scores. 5 Transfusion volume >60 mL/kg was associated with an increased risk of major adverse events. Although a large prospective noninferiority trial in stable critically ill pediatric ICU patients 11 showed no significant outcome differences with a restrictive transfusion strategy, subgroup BACKGROUND: Red blood cell (RBC) transfusion is common during infant cardiac surgery. A previous report of pediatric heart transplant recipients showed that increased RBC transfusion volume was independently associated with increased length of intensive care unit stay. It is unclear whether transfusion to infants as a subgroup carries similar risks. This study investigated relationships between intraoperative RBC transfusion during heart transplantation and postoperative length of stay (LOS), morbidity, and mortality in infants. METHODS: Retrospective analysis of medical records from infants <1 year old undergoing primary heart transplantation at Loma Linda University Medical Center from 1985 to 2012 was conducted. Exclusion criteria included preoperative exchange transfusion or extracorporeal membrane oxygenation. Data sought included patient characteristics; intraoperative RBC transfusion volume and cardiopulmonary bypass details; and postoperative vasoactive support, ventilator support, morbidity, LOS, and 30-day mortality. The relationship of RBC transfusion volume (mL/kg) to these postoperative variables was assessed by univariate analysis. Multiple regression analysis of postoperative LOS included variables that were independent predictors of LOS or associated with ≥10% change in the β-estimate for RBC effect. RESULTS: Data from 307 infants showed that most (66.8%) had single-ventricle physiology. Median age at transplant was 50 days, weight 3.95 kg, and intraoperative transfusion volume 109 mL/kg. Transfusion volume was inversely related to age and weight. Median postoperative LOS was 18.2 days. Univariate linear regression analysis of transfused volume showed no relationship to logtransformed postoperative LOS (F(1,305) = 0.00; P = 0.960; R 2 = 0.000; β-coefficient = 0.004; 95% confidence interval = −0.1542 to 0.1623). Transfused volume was not related to 30-day mortality (difference −0.162; −0.048 to 0.371 mL/kg; P = 0.112) or to postoperative ventilator support (R 2 = 0.047), but was greater in patients who required reoperation (difference −0.246; −0.494 to −0.025; P = 0.004). Multiple regression analysis for all patients revealed age, preoperative ventilator support, prolonged postoperative ventilatory or vasoactive support, transplant year, and 30-day mortality, but not major adverse events, to be significant confounding variables. Adjusting for these variables, transfused volume was not associated with prolonged postoperative LOS. CONCLUSIONS: In contrast to a prior report, we found no correlation between intraoperative RBC transfusion and postoperative LOS when studying only infants. Infants have maturing organ systems, less physiologic reserve, and increased surgical blood loss (evaluated as mL/kg) during cardiac surgery than their larger, older counterparts, distinguishing them from the general pediatric population. These differences require additional studies to determine the outcome impact of transfusion strategies in the infant subgroup. (Anesth Analg 2016;122:1567-77) analysis of post-cardiac surgery patients showed an upward trend toward more organ dysfunction. 12 A unique concern for transplant recipients is the risk of allosensitization after transfusion. 13, 14 The International Society for Heart and Lung Transplantation Registry reports that approximately 25% of pediatric heart transplant recipients are infants younger than 1 year. 15 Many physiologic changes occur during the first 12 months of life, distinguishing infants from the general pediatric population. Infant heart transplant recipients may have a relative physiologic immunodeficiency, [16] [17] [18] which could affect their response to RBC transfusion. They are also more likely to undergo cardiac transplant for cyanotic heart disease and clinically need higher baseline hemoglobin levels. In the light of these differences, this study aims to evaluate the outcome impact of intraoperative RBC transfusion to infant heart transplant surgery recipients on postoperative length of stay (LOS), morbidity, and mortality in this unique pediatric subgroup.
METHODS
After IRB approval and waiver of consent, charts of all pediatric patients <1 year of age undergoing heart transplantation at Loma Linda University Medical Center from 1985 to 2012 were reviewed, with data collection and preliminary analysis completed in 2013. At this institution, CPB protocols and transfusion strategies for infant heart transplant recipients have remained fairly stable over the past 3 decades, with important changes as noted. The perfusion protocol included active surface cooling during line placement and surgical dissection, hemodilution on initiation of CPB, deep hypothermia during low-flow states or circulatory arrest, 19 and α-STAT management to maintain capillary microcirculation integrity, 20 while relying on dissolved oxygen to supply the cerebral metabolic demands. 21 The CPB prime included calcium-free crystalloid prime and 100 mL of albumin 25% added to maintain osmolality for a total volume of approximately 550 mL. The circuit included a DeBakey roller pump, arterial filter, and in-line hemoconcentrator. After appropriate heparinization and cannulation, CPB was initiated with rapid cooling (over approximately 15 minutes) to 18°C. Initially longer, deep hypothermic circulatory arrest times were used; however, with increased experience, the deep hypothermic circulatory arrest times decreased. More recent cases were done with selective cerebral perfusion. Upon rewarming, continuous ultrafiltration was initiated (reversing hemodilution by removing approximately 500-800 mL ultrafiltrate). Washed irradiated RBCs were transfused per institutional protocol during and after CPB, providing further hemodilution correction during rewarming and replacing ongoing blood loss with the goal hematocrit between 30% and 35%. To eliminate the confounding effect of significant blood product exposure before surgery, exclusion criteria included prior heart transplant, preoperative extracorporeal membrane oxygenation, and preoperative exchange transfusions.
Total intraoperative RBC transfusion volumes (mL/kg) were extracted from medical records, blood bank records, and the Loma Linda University International Heart Institute database. Preoperative, intraoperative, and postoperative patient characteristics were recorded. Vasoactive support included the use of either inotrope or vasopressor infusions. Postoperative duration of mechanical ventilation was defined from the end of surgery to the first successful tracheal extubation lasting for at least 24 hours.
Statistical Analysis
The primary outcome measure chosen for this study was the relationship between RBC transfusion and posttransplant LOS, because this summates postoperative morbidity. We did not use 30-day mortality as our primary outcome because the number who died within 30 days after transplant was 25. This limits our ability to adjust for potential confounding variables and other significant predictors of 30-day mortality. LOS was defined as the time from postoperative ICU admission until discharge home. It is a standard practice at this institution to discharge patients home directly from the pediatric cardiac ICU. Histograms and Kolmogorov-Smirnov test statistics were examined to determine whether the distribution of LOS was reasonably modeled by a normal distribution on the original or log scale. The log transformation of LOS better approximated normality than the untransformed LOS. Year of transplant was dichotomized based on implementation of selective cerebral perfusion in 1995. Transfused volume was converted to 100 mL/kg to facilitate data analysis and comparison with clinical transfusion practices.
Secondary outcomes examined included postoperative major adverse events, defined as cardiac arrest, primary open chest (open sternum at the conclusion of primary operation), reoperation (additional postoperative surgical intervention), new dialysis, or new onset of seizures. Other secondary outcomes were duration of postoperative vasoactive support, postoperative ventilator days, and 30-day mortality. Categorical data are given as number (%), and differences were compared by using the Wald test for proportions. Continuous data were analyzed for normal distribution by the Shapiro-Wilk test, with P < 0.05 indicating that the data were not normally distributed. Continuous data are given as mean or median and 95% confidence interval as appropriate to the data. Differences between categorical variables for continuous data that were not normally distributed were compared by the Hodges-Lehmann method assuming data symmetry and given as difference and 95% confidence interval.
Initial univariate analysis was conducted to evaluate the relationships among RBC transfusion volume, log LOS, and the secondary outcomes. Identified significant confounding variables were subjected to multiple regression analysis to evaluate the effects of confounding factors on LOS. Variables were included in the model if they were independent predictors of LOS or if they were associated with a ≥10% change in the β-estimate for RBC effect. All regression assumptions were checked by visually investigating residual plots. Linearity was additionally assessed via partial regression plots between the predictors and the log-transformed LOS. Results are presented as β-coefficients and their SE. Significance was set at 0.05. The analysis was performed using SAS/STAT software, version 9.4 of the SAS System for Windows, SAS Institute Inc., Cary, NC.
RESULTS
A total of 313 infants who underwent primary cardiac transplant were identified. Six were excluded for missing data, yielding 307 study patients. Characteristics of those who survived >30 days after transplant (n = 282) are compared with those who died within 30 days of transplant (n = 25) in Table 1 . Median age at transplant was 50 days and weight was 3.95 kg. Most infants had single-ventricle physiology (66.8%); cardiomyopathy and other complex congenital cardiac defects accounted for most of the remaining patients. Preoperative prostaglandin infusion was common, and about one-third required ventilator support before transplantation. The mean preoperative hemoglobin was 13.1 g/dL (range, 7.8-19.5 g/dL). Median postoperative LOS was 18.2 days. Two patients were discharged home with continued mechanical ventilation (one had a 222-day LOS but required ventilator support for 423 days).
Transfusion volume was inversely related to age and weight ( Fig. 1 ). The median volume of RBCs transfused during surgery was 109 mL/kg (range, 28-328 mL/kg). All patients were transfused during CPB, with the majority receiving 1 to 2 units; 275 patients required additional transfusion after separation from CPB, while 32 patients did not. As shown in Figure 2 , most RBC transfusion occurred during CPB. The first postoperative hemoglobin recorded averaged 12.0 g/dL (range, 7.4-18.1 g/dL). Postoperative LOS was evaluated and found to be heavily right skewed (Kolmogorov-Smirnov test: 0.1960; P value < 0.010; mean = 24.21 versus median = 18). LOS was log transformed to better approximate normality. Univariate analysis showed no relationship of log LOS to RBC transfusion volume ( Fig. 3 ). Univariate analyses of preoperative and postoperative characteristics compared with RBC transfusion are summarized in Tables 2 and 3 and with log LOS in  Tables 4 and 5 .
After univariate and bivariate analyses, multiple regression analysis was performed in a stepwise manner. Model development steps for all transplant recipients and for only those who survived >30 days after transplant are shown in the Supplemental Digital Content, Supplemental Digital Content Tables 1 and 2 (http://links.lww.com/AA/B381). Multiple regression analysis (Table 6 ) revealed age, year of transplant group, preoperative ventilator support, and prolonged postoperative ventilatory or vasoactive support to be significant confounding variables for log LOS. Multiple regression analysis showed that the occurrence of one or more postoperative major adverse events was not a significant predictor of LOS in the presence of the other covariates; thus, major adverse events were excluded from the final model (Supplemental Digital Content, http://links. lww.com/AA/B381). Age and weight had a direct linear correlation (r = 0.8157; P < 0.0001), and therefore, only age was used. After adjusting for all identified confounding variables, volume of RBC transfusion was not significantly associated with log-transformed LOS (−0.126; −0.274 to 0.022; P = 0.098). Increased age at transplant was associated with a reduction in LOS (−0.093; −0.157 to 0.0289; P = 0.0053), whereas increased duration of postoperative ventilation was associated with longer LOS (0.261; 0.184-0.338; P < 0.0001). Similarly, multiple regression analysis of only those who survived >30 days after transplant showed that RBC transfusion volume had no effect on LOS when confounding variables are considered ( Table 7 ). The 30-day postoperative mortality was 8.87% (25 cases), thus limiting logistic regression analyses to univariate and bivariate models. Univariate and bivariate logistic regression modeling of variables related to 30-day mortality are shown in Tables 8 and 9 .
DISCUSSION
RBC transfusion is a medical intervention in which the risks and benefits must be carefully weighed. Noninfectious risks account for the majority of fatal transfusion complications; most pediatric reports are associated with human errors, such as overtransfusion and misunderstanding neonatal requirements. 22 Withholding transfusion may be equally dangerous, because a significant portion of intraoperative pediatric cardiac arrests is associated with inadequate resuscitation of surgical bleeding. 23 We found no positive correlation between intraoperative RBC transfusion volume and increased LOS by univariate analysis or multiple regression analysis (−0.126; −0.274 to 0.022; P = 0.098). Univariate analysis showed that infants with delayed chest closure or reoperation for other surgical reasons had larger intraoperative RBC transfusion volumes at the time of transplant, but we did not find significant intraoperative RBC transfusion volume differences in infants who required prolonged postoperative ventilator or vasopressor support or in those who developed new seizures postoperatively, new need for dialysis, cardiac arrest, or death within 30 days of transplant (Tables 2 and 3 ). Furthermore, multiple regression analysis showed that postoperative major adverse events were not a significant predictor of LOS in the presence of the other covariates (Supplemental Digital Content, http:// links.lww.com/AA/B381). Our findings differ from a previous report. 5 Several factors may have contributed to this difference.
Infants ≤30 days of age are at greatest risk for blood loss during pediatric cardiac surgery, with blood loss varying inversely with age and notable differences between age groups. 24 Although the CPB perfusion strategy in this study was different (hemodilution with large volume acellular prime, followed by hemoconcentration during rewarming though continuous ultrafiltration and concurrent RBC transfusion), the median transfusion volume we found (109 mL/kg) was not significantly greater than that reported in infants <12 months of age in a prior report (95 ± 53 mL/kg). 5 That group reported RBC transfusion volume, but not age, to be independently associated with the studied outcomes. They also found that major adverse events (new dialysis, sepsis, graft failure, extracorporeal membrane oxygenation, and open chest) were associated with larger transfusion volumes. In contrast, we found that patient age and weight were directly linked and were independent predictors of LOS, whereas RBC transfusion volume was not. Younger, smaller infants had longer LOS and prolonged vasoactive and ventilator support, possibly reflecting organ system maturation during the first year of life. The outcome differences between studies may highlight a sampling bias: our analysis was restricted to infants up to 12 months of age Normally distributed data are given as mean; 95% confidence interval (CI) and differences were tested using the t test. Data that were not normally distributed are given as median; smoothed empirical quantiles and differences were compared using the Hodges-Lehmann method assuming data symmetry. Categorical data are given as number (%), and differences were compared using the Wald test for proportions. Year of transplant was grouped based on implementation of selective cerebral perfusion during bypass starting in 1995.
(median age 50 days), whereas the prior report 5 included pediatric cardiac transplant recipients ≤18 years of age (median age 11.7 years). Not surprisingly, infants in that report received the largest blood transfusion volume in milliliters per kilograms; only those weighing >30 kg averaged transfusion volumes <15 mL/kg, placing the majority of transplant recipients <30 kg in the high-exposure group.
Although age was not shown to be statistically significant in that report, it had obvious clinical significance; this discrepancy was likely attributable to age differences because only a small number of infants and small children were included in that report. Furthermore, we did not find relationships between transfused volume and several postoperative major adverse events, prolonged postoperative ventilatory We postulate that the infant's immature immune system [16] [17] [18] and transfusion of washed irradiated RBCs may not elicit the same inflammatory and immunomodulatory effects seen with transfusions to older children and adults, but this will require further investigation. Previous investigators found that increased transfusion during CPB was associated with excessive postoperative bleeding and worsened outcomes after pediatric cardiac surgery. 25 Those investigators reported notable risk factors for excessive postoperative bleeding, which included age and weight. Those with excessive bleeding averaged an age of 138 days and a weight of 5.3 kg compared with an age of 657 days and weight of 10.3 kg in those without excessive bleeding. 25 Similarly, infants that required intraoperative and postoperative transfusions despite undergoing a blood-sparing approach to pediatric cardiac surgery had worsened outcomes (increased ventilator days and ICU LOS) compared with nontransfused infants. 26, 27 However, considering the uniform intraoperative transfusion protocol and maximal blood-sparing approach (including miniaturized CPB circuit down to 95-mL priming volume), it is possible that the need for RBC transfusion is a marker for, rather than the cause of, patient morbidity. Another retrospective study of infants undergoing heart surgery reported that a comprehensive blood conservation strategy, including reduction of circuit priming volume from 600 to 300 mL, was associated with significant decreases in intraoperative and postoperative blood transfusion, inotropic scores, ventilator duration, and hospital LOS (despite lower hemoglobin values after implementation). 28 However, it is possible that the other improvements in CPB and patient management implemented in this study contributed favorably to those outcome differences.
Many retrospective studies have linked increased blood transfusions with worsened outcomes. Perhaps the underlying association is the severity of surgical bleeding and preoperative morbidity rather than the amount of blood transfused, 29 because 1 study found the volume of chest tube drainage at 24 hours to be the strongest independent predictor of mortality. 30 Underlying confounders are difficult to tease out in these retrospective studies. All-cause mortality and secondary outcomes (stroke, myocardial infarction, acute renal failure, infections, arrhythmias, bleeding, ICU, and hospital LOS) were evaluated in a meta-analysis of 21 prospective randomized controlled trials involving transfusion protocols during cardiac or vascular surgery, which randomized to either a restrictive or liberal transfusion study arm (including studies using acute normovolemic hemodilution as a restrictive approach). Four of the studies involved pediatric patients. 31 Pediatric patients in the restrictive study arms used significantly less blood, but there were no statistically significant differences in mortality or secondary outcomes. Of note, both ICU and hospital LOS were increased by 1 day in the pediatric patients randomly assigned to a restrictive approach. This meta-analysis also reported numerically more adverse events (death, stroke, and infections) in the restrictive group. 31 A review of the literature searching for prospective studies involving RBC transfusion management during surgery for the repair of congenital heart disease in the pediatric population found only a small number of heterogeneous trials with insufficient evidence to assess the outcome impact of RBC transfusions in this subgroup. 32 The lowest "safe" hematocrit during CPB has yet to be determined, and there is some evidence that intraoperative anemia may be associated with negative outcomes. A randomized trial in infants <9 months of age to assess the effect of hemodilution (goal hematocrit 20% vs 30%) before lowflow CPB during cardiac surgery found that during the postoperative period the low hematocrit group had decreased Length of stay (LOS) compared with patient and perioperative characteristics. The log transformation of LOS better approximated normality than the untransformed LOS. Differences in continuous data between categorical variables were compared by Hodges-Lehmann assuming data symmetry. 33 The same group of investigators combined these results with a similar study evaluating the difference between hematocrit of 25% vs 35%, which demonstrated that decreased hematocrit before low-flow CPB was associated with increased intraoperative fluid balance and a slight increase in lactate levels 60 minutes after CPB. More importantly, there was a significant nonlinear increase in Psychomotor Development Index scores at 1 year of age with increasing hematocrit (plateauing at hematocrit of 23.5%), raising concern regarding the practice of extreme hemodilution to minimize blood transfusion in infant cardiac surgery. 34, 35 Our analysis showed that age and weight significantly correlate with LOS. This demonstrates the importance of comparing the outcome impact of RBC transfusion within specific age groups to minimize sampling bias. Additional studies are needed to address the effects of blood transfusion strategies in varied pediatric subgroups, because age and size are linked to estimated blood volume, the resultant dilutional effect of CPB circuit prime, and the amount of physiologic reserve. Infants are more likely to have cyanotic heart disease, require more complex repairs, and have longer duration of CPB and cross-clamp times, which results in increased nonhemostatic thrombin generation, fibrin degradation, and subsequent increased bleeding. 36 Weaknesses of this study include its retrospective design over an extended period during which changes have occurred in the approach to infant heart transplantation, blood product storage, and hospital discharge criteria. We have addressed this by evaluating outcomes based on the year of transplant and before-and-after implementation of selective cerebral perfusion during CPB. However, it is possible that other confounding variables remain unaccounted for in this study. There were transfusion guidelines that specified a target postoperative hemoglobin, and the postoperative hemoglobin was within the target range on average. However, this target range was not met in all patients. Washed irradiated RBCs were used per protocol, so there was no control group to evaluate whether this practice affected outcomes. Both lactate and potassium levels rise during blood storage, and the standard protocol for RBC transfusion in transplant recipients involves irradiation, which further weakens the RBC membrane, increasing potassium leakage. Washing irradiated RBCs can reduce potassium and lactate loads, prevent hyperkalemia in infants during CPB, and remove prestorage additives (which may have an unknown effect on the neonate). [37] [38] [39] This is also an area in need of further research. There are other limitations to generalizing our findings. Tranexamic acid was not part of the perioperative protocol for infant cardiac transplant, because the risk-benefit ratio in pediatric cardiac surgery had not been adequately established. 40 Our study design did not include RBC transfusion or chest tube output during the first 48 hours postoperatively, which could have provided additional pertinent information. The Index for Mortality Prediction After Cardiac Transplantation (IMPACT) score 41 was not used, because it was not suitable to distinguish differences within our specific patient population.
Pediatric transfusion medicine is a developing field with large gaps in evidence-based practice. 42 Whether increased blood transfusion is the cause of increased morbidity or simply a marker of it remains unclear. Neonates and infants are an important subgroup within the pediatric population requiring unique consideration to account for their maturing organ systems, decreased physiologic reserve, and increased surgical blood loss and RBC transfusion requirement (in mL/kg) compared with their larger counterparts. This retrospective study of RBC transfusion to infants undergoing heart transplantation failed to show a positive correlation between intraoperative RBC transfusion volume and postoperative LOS, while decreased age (which directly correlated with weight) was an independent predictor of increased LOS. The difference in outcomes between this and a prior report 5 highlights the possibility of sampling bias in pediatric studies covering a large developmental time period including patients from the first day of life to 18 years of age. Additional prospective studies are needed to determine the outcome impact of RBC transfusion strategies to infants as a unique pediatric subgroup. E DISCLOSURES Name: Harmony F. Carter, MD. Contribution: This author participated in study design, study conduct, data collection, data analysis, and manuscript preparation. Attestation: Harmony F. Carter approved the final manuscript and attests to the integrity of the original data and the analysis reported in this manuscript. Name: Carol Lau, MD. Contribution: This author participated in study design, study conduct, data collection, data analysis, and manuscript preparation. Attestation: Carol Lau approved the final manuscript and attests to the integrity of the original data and the analysis reported in this manuscript.
